Surveys for transient and variable phenomena can be confounded by the presence of extrinsic variability such as refractive interstellar scintillation (RISS). We have developed an all-sky model for RISS which can predict variability on a variety of timescales, survey locations, and observing frequencies. The model makes use of Hα intensity maps to probe the emission measure along the line of sight, convert this to a scattering measure, and finally a scintillation strength. The model uses previously developed and long understood physics along with (indirect) measurements of the electron content and distribution within the Milky Way. We develop a set of expectations that are useful in the planning of future surveys for transient and radio variability, and demonstrate that the 1-GHz sky is a poor predictor of the variable nature of the 100-MHz sky. Interestingly, the correlation between the incidence of variability and Galactic latitude which has been seen at 1 GHz, is reversed at 100 MHz.
Introduction
Variability offers an insight into the conditions and processes that affect radio sources. By measuring intrinsic variability we can probe the size of the emitting region (light crossing time arguments), the nature of the emission mechanism (coherent vs incoherent, thermal vs non-thermal), or even the recent history of the object (light curves of Novae mapping to mass loss history). In turn, extrinsic variability can be used to probe the intervening medium between the observer and the source, and can be used to measure the degree and nature of turbulence in the Milky Way (see Bignall et al. 2005 , for an overview).
It was initially assumed at frequencies below 750 MHz no intrinsic variability would be detected, and so it was not seriously investigated until Hunstead (1972) showed evidence for variability in four radio sources at 408 MHz. In the following years, many more observations were made and the phenomenon of low frequency variability received considerable theoretical attention (see Rickett 1990 , for a summary). Variability was observed on timescales as long as years, but also * email: Paul.Hancock@curtin.edu.au as short as days. These observed timescales of variability would imply a very small emission region, and a corresponding brightness temperature that exceeds the Compton limit (Kellermann & Pauliny-Toth 1969) , arguing against intrinsic variability (although, see Wagner & Witzel 1995) . The variability seen by Hunstead (1972) is now widely agreed to be due to inter-stellar scintillation (ISS) (Rickett 1986) .
Many studies have noted that radio variability is more common at low Galactic latitudes (eg, Cawthorne & Rickett 1985; Gaensler & Hunstead 2000; Lovell et al. 2008; Bannister et al. 2011 ). The interpretation is that the variability is caused by (refractive) ISS and that the dependence on |b| is because the scattering is due to material in our own Galaxy and at low latitudes our line of sight intersects a greater amount of this material. Indeed Lovell et al. (2008) point out that the incidence of variability in their compact radio sources is more strongly correlated with H α (a tracer of free electrons) than with |b|.
The time investment required to survey for variability is necessarily greater than a single epoch survey of the static sky. There has thus been a new industry of variability surveys over the last decade or so, that leverage telescope archives to identify regions of sky that were observed multiple times, and use these to form the basis of a survey for variability. For example Bannister et al. (2011) used 3000 partially overlapping observations from the archive of the Molonglo Observatory Synthesis Telescope (MOST) to survey the southern sky for variable and transient events over the 22-year history of the archive at 843 MHz. A large fraction of the MOST archive consists of observations for the Sydney University Molonglo Sky Survey (SUMSS; Mauch et al. 2003 ) and the Molonglo Galactic Plane Survey (MGPS; Murphy et al. 2007 ), and their design means that only a small amount of the total sky is observed more than once. A similar approach was taken by Thyagarajan et al. (2011) who used overlapping and repeated observations from the Faint Images of the Radio Sky at Twenty-Centimeters survey (FIRST; Becker et al. 1995) to search for variability at 1.4 GHz. A more focused approach was taken by Bell et al. (2011) , who used archival VLA observations of seven calibrator fields to search for variability at 4.8 and 8.4 GHz. Since the chosen fields were commonly-observed calibrators, these fields had 100 − 1000 epochs available in the archive. Another approach is to draw from overlapping surveys such as the FIRST survey and a survey of the Sloan Digital Sky Survey (SDSS) stripe (Hodge et al. 2011 (Hodge et al. , 2013 , or the Murchison Widefield Array (MWA) GLEAM (Hurley-Walker et al. 2017) and Tata Institute for Fundamental Research GMRT Sky Survey (TGSS) Alternative Data Release 1 (ADR1) (Intema et al. 2017) surveys (Murphy et al. 2017 ). This ad-hoc blind survey avoids many of the biases introduced by targeted surveys such as the Micro-Arcsecond Scintillation-Induced Variability (MASIV, Jauncey et al. 2007 ) survey, but does so at the expense of good survey design. Not including meaningful transient and variability analysis planning into survey design means that the replication of previous results becomes a matter of chance 1 . As new wide-field instruments such as the MWA (Tingay et al. 2013) , the Australian SKA Pathfinder (ASKAP, Johnston et al. 2008) , and the Square Kilometer Array (SKA, Dewdney et al. 2009 ) come online, the required time to survey large amounts of the sky drastically decreases and the feasibility of a preplanned, large-area, sensitive, blind survey greatly increases (Murphy et al. 2013; Bell et al. 2018) . If large surveys for transient and variable radio sources are to be carried out, it is incumbent on the survey designers to understand the expected outcomes of these surveys in terms of the number of events expected from already known physics, and source populations. Pietka et al. (2014) present a fairly comprehensive overview of the variable and transient events that are known, as well as their expected brightness and areal density. From this and similar works it is possible to compute the expected number of variable or transient events in a given survey, or to design a survey to maximize the detection of a desired class of object (eg, Fender & Bell 2011) .
As well as modelling the expected rates of intrinsic variability it is important to model the extrinsic variability. The primary source of extrinsic variability is scintillation caused by changes in electron density in the intergalactic, interstellar, or interplanetary medium, and also in the Earth's ionosphere. Theoretically scintillation is well understood and has been described previously by Rickett (1986 Rickett ( , 1990 and Narayan (1992) . The degree and nature of scintillation is dependent on the amount of free electrons between the observer and the source, as well as the relative motion of each, and the observing frequency. Scintillation is not dependent on the temperature of the intervening electrons, and since cold electrons are most abundant, they contribute the most; they are otherwise a difficult population to observe directly. Luckily, the line-of-sight electron density can be measured by observing the frequency-dependent dispersion and scattering delay of a short pulsed signal such as that from a pulsar (Taylor & Cordes 1993) . Using the observed dispersion measures (DM) of pulsars, and ISS of extra-galactic sources Taylor & Cordes (1993) created a quantitative model of the Galactic free electron distribution. This quantitative model was accompanied by a set of Fortran sub-routines which implemented the model. Using this model, Walker (1998) presented maps of the transition frequency and scattering disk size to give expectations for the scintillation behaviour of compact extra-galactic radio sources.
The model of Taylor & Cordes (1993) has been updated and refined over the years by Cordes & Lazio (2002) and most recently Yao et al. (2017) . These models grew from the pulsar community and have been widely used and accepted within this community, as well as the emerging FRB community. In both PSR and FRB studies, the primary focus is on diffractive ISS (DISS), as this causes large-amplitude, short-duration variations with a small decorrelation bandwidth. So whilst refractive ISS (RISS) may still affect pulsar and FRB observations, the effect is largely ignored due to the much smaller variability (∼ 10%), longer timescales (hours to years), and larger decorrelation bandwidth. Therefore the models of electron density, and the accompanying code which implements them, are largely focused on predicting the the DISS behaviour of ultracompact Galactic and extra-galactic radio sources. The utility of these models has not yet found its way into studies of slow variability, in part because the relevant data are not reported directly, and because much of the pulsar population is Galactic, where as many surveys for variability purposely avoid the Galactic plane. Extra-RISS of Extragalactic Radio Sources 3 galactic radio sources are rarely compact enough to exhibit DISS, but can still exhibit RISS. Since DISS and RISS are caused by the same underlying material, models like that of Yao et al. (2017) can be used to predict the degree of RISS expected from a point source. However, the programs which embed these models do not report RISS statistics directly, and the models themselves are not calibrated against measurements of RISS. Further more the community of astronomers who search for variability in extra-galactic radio sources can be easily misled by RISS 2 , in part because there are no RISS focused programs that are as easy to access as Cordes & Lazio (2002) or Yao et al. (2017) . To this end we endeavour to model the variability induced by RISS, present the theory in a manner that is easily accessible, and embed the model in an easy to use Python program.
Motivated by the work of Lovell et al. (2008) , and a desire to produce an all-sky model, we start with H α intensity as our input data, and produce an allsky model of RISS. We present here a theoretical and practical framework for modelling RISS which can be built upon as improvements are made in the theory and in the input data upon which the model is based. We begin firstly with an overview of the physics of ISS, and then present our theoretical model. We then discuss the current limits of our model before making a qualitative comparison with a survey designed to detect radio variability at 185 MHz. We have developed a practical framework which is in the form of a Python code, which was inspired by the NE2001 Galactic Free Electron Density Model 3 of Cordes & Lazio (2002) Details of the code, along with the source, can be found on GitHub 4 . This paper is organized as follows: In § 2 we give an overview of interstellar scintillation with a focus on the strong scattering regime. In § 3 we present a model for computing scintillation parameters based using H α maps as input data. In § 4 we summarize the model by presenting a set of expectations for observers, both at low (100 MHz) and intermediate (1 GHz) frequencies. The limitations of our model are discussed in § 5. We discuss implications for future radio surveys in § 6. We make a qualitative comparison between our expectations and a low-frequency radio survey in § 7-8. Finally, we summarise our work in § 9.
Interstellar Scintillation
Interstellar Scintillation has been previously described in depth by Narayan (1992) ; Rickett (1986 Rickett ( , 1990 , and Walker (1998) . Here we provide an overview of the relevant results.
Plane waves travel from sources, pass through the ISM, and are then incident upon an observer on Earth. Since the ISM is a charged plasma, variations in the electron density (n e ) will distort the wave-fronts, causing a phase delay or focusing/defocusing. This effect is interstellar scintillation (ISS) and is the radio analogue of stars twinkling in the night sky due to the Earth's atmosphere.
It is traditional (and easy) to model scintillation using a thin screen model, which assumes that the path integrated effect of the intervening medium can be modeled by a single phase screen at some intermediate distance D.
When considering the effect of the interstellar medium on observations of an extra-galactic source, there are two length scales which are important. The first is the Fresnel scale r F , which represents the transverse separation over which the phase delay is 1 rad, and is related to the distance to the phase screen and wavelength via:
The second is the diffractive length scale r diff which represents the transverse separation over which the rms phase variance is 1 rad. This scale is dependent on the density variations within the ISM, which are typically modeled by Kolmogorov turbulence. Macquart & Koay (2013) give the following relation (their Eq. 7a) to compute r diff :
where r e is the classical electron radius, z L is the redshift of the scattering material, β is the power-law index for the turbulence, and SM is the scattering measure.
We adopt values of z L = 0 and β = 11/3 as we assume that scattering material is entirely within our Galaxy, and that the turbulence is Kolmogorov. With these assumptions the above equation reduces to:
Withe these two length scales in mind, we can now distinguish two scattering regimes of strong and weak scattering. A useful parameter in this discussion is the scintillation strength ξ, defined as:
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The scaling of ξ with wavelength and scattering measure is:
When ξ ∼ 1 the scattering is transitional and neither the weak nor strong scintillation discussed below is an adequate description of the relevant physics. The frequency at which this transition occurs is called the transition frequency with weak scattering occuring above and strong scattering occurring below this frequency.
Weak scattering -ξ 1
Weak scattering occurs when the diffractive scale is much larger than the Fresnel scale (r diff r F ). In this regime the rms phase variations within the Fresnel zone are small. Phase variation within the Fresnel zone is dominated by differential path length of nearby light rays, leading to a strong correlation in the phase differences across a large bandwidth. The scintillation timescale is related to the relative velocity of the screen and observer, and the fractional variation is low. Weak scattering is typically observed within our Solar system and gives rise to interplanetary scintillation (Hewish 1955). As will be shown in § 2.2.2, at 1 GHz or lower, extragalactic sources are always observed in the strong scattering regime. Indeed Walker (1998 Walker ( , 2001 ) presents figures of the transition frequency in Galactic coordinates, showing that in order to observe weak scattering, an observing frequency of at least 10 GHz is needed over most of the sky. We will not discuss weak scattering further.
Strong scattering -ξ 1
Strong scattering occurs when the diffractive scale is much smaller than the Fresnel scale (r diff r F ). In this regime the rms phase variations within the Fresnel zone are large, and the Fresnel scale loses relevance. Strong scattering is dominated by multipath propagation and gives rise to two different kinds of scintillation: diffractive and refractive. Diffractive scintillation has fractional flux modulation of unity, is correlated across only a small fractional bandwidth (a few percent), and the variations are rapid in time (seconds to minutes). Refractive scintillation has lower fractional variation, is correlated across a large bandwidth, and has a lower variation in time. In both cases a critical angular scale is present that separates sources into being either point like or extended, with the extended sources having a modulation index that is lower and timescale of variability which is longer than the point sources.
Diffractive scintillation
The multipath propagation of strong scattering results in an observer seeing light scattered from multiple points on the scattering screen. The individual patches have a size and inter-patch spacing that is approximately r diff . Each patch scatters light over an angle of θ scatt :
where k is the wave number, and r ref is the refractive length scale:
Since the observer sees light arriving from a range of directions within θ scatt of the source, the source will appear to be larger (scatter-broadened) by this same angle. The critical angular scale for diffractive scintillation is
The angle θ diff is so small that only extremely compact sources are able to exhibit diffractive scintillation: pulsars and FRBs being two exemplars of this. The NE2001 and related models describe and predict the relevant properties for diffractive scintillation at GHz frequencies (Cordes & Lazio 2002; Yao et al. 2017 ).
Refractive scintillation
Refractive scintillation is due to large scale inhomogeneities in the interstellar medium with length scales of r ref , much larger than in the diffractive case. Refractive scintillation is a broadband phenomena, and the timescale for variability is also larger than in the diffractive case:
The division between point and extended sources (the scattering disk) is now:
so that sources of larger angular scales are able to exhibit refractive interstellar scintillation. Thus radio galaxies can scintillate due to the interstellar medium, but only in the refractive regime. The modulation index for a point source is the fractional variation:
where σ and µ are the standard deviation and mean flux. For extended sources (of size θ src ) the modulation index decreases while the scintillation timescale increases:
PASA (2019) (14) where I Hα is measured in Rayleighs, T 4 is the gas temperature in units of 10 4 K, ε is the fractional variance of n e inside clouds (ε 2 = (δn e ) 2 /n 2 e ), and 0 is the outer scale of turbulence in units of pc. We adopt the values of ε = 1, T 4 = 0.8 (Haffner et al. 1998) , and 0 = 10 18 m = 32pc (Armstrong et al. 1995) . With these choices of parameters the resulting equation for SM is then simply a linear rescaling of the H α intensity:
Finkbeiner (2003) provides an all sky map of H α by combining data from three different surveys: the Virginia Tech Spectral line Survey (VTSS, Dennison et al. 1998) , the Southern H-Alpha Sky Survey Atlas (SHASSA, Gaustad et al. 2001) , and the Wisconsin H-Alpha Mapper survey (WHAM, Reynolds et al. 1998 ). Applying the above equation to the H α maps of Finkbeiner (2003) we can map the SM as a function of viewing direction as in the upper panel of Figure 1 .
With a sky map of SM, and the associated error map derived from the H α error map, it is then as simple task to calculate Eq 1-13 over the entire sky. To this end we have developed a python library RISS19, which carries out these calculations, and a command line tool to interface with this library ascl/zenodo citation when accepted.
In order to determine the the scintillation properties along a given line of sight we also need to know the distance to the scattering screen. A basic model for the scattering screen distance is used in this work: the scattering screen is situated half way between the Earth and the 'edge' of the Galaxy. Our default model consists of a flat disk model of the Milky way, with a radius of 16 kpc, a height of 1 kpc, and with the Earth/Sun system sitting 8 kpc from the Galactic center.
We will now use the modeling software to demonstrate how the SM shown in Figure 1 gives rise to a range of expected (and un-expected) behaviour. 
Expectations
In this section we take the theory presented in section 2 along with the data and code presented in section 3, and develop some evidence-backed expectations of what an observer should expect to see when conducting a survey for variability. In particular, the effects of frequency, observing direction, and cadence have an interesting interplay that gives rise to some enlightening results. Many of the relations will be explored with respect to ξ which is shown as a function of Galactic latitude in Figure 2 for the low (100 MHz) and mid (1 GHz) frequency case, as well as 185 MHz which corresponds to the survey described in § 7. Note that at all frequencies ξ 1 so that in all cases we are in the strong scattering regime.
The modulation index is related to the scintillation strength by m p = ξ −1/3 , and varies with Galactic latitude as shown in 
The effects of source size
A radio galaxy typically has multiple emission components on a range of different physical scales: a compact (< pc) nucleus, star-forming regions (0.1 pc -10 kpc), galaxy-wide diffuse emission (∼ 100 kpc), halo and cluster emission (< 1 Mpc), as well as jets (100 kpc -1 Mpc), lobes (1 Mpc), and hot-spots within lobes (10 − 100 kpc). Every emission site will be affected by the intervening medium and thus the observed total flux density will vary as a superposition of scintillating components. When the emission sites have an angular separation less than the scattering disk, θ scatt , their flux density variations will be highly correlated and thus they will be seen to vary together. Thus the integrated flux density S of a radio galaxy will be distributed between compact and non-compact regions, with the end result that only a fraction of the total flux density will scintillate.
Consider a source with some distribution of emission regions. If this source were viewed at a Galactic pole, where the scattering disk is small, then some fraction x of the flux will scintillate and a modulation index of m will be observed. If the source were viewed closer to the Galactic plane, where the scattering disk is larger, then the fraction of flux scintillating will be increased to x > x. This will increase the observed modulation index.
There is an additional effect that needs to be considered 5 : the increased scattering seen towards the plane increases θ scatt , but reduces the intrinsic m p . The scattering disk scales as:
so that the modulation index scales as:
(17) The net effect is that as a source moves closer to the Galactic plane, where ξ is larger, the effective modulation index increases. Scattering disk size is shown in 
The effects of timescales
There is a third parameter that needs to be considered and that is the timescale of variability. As the scattering becomes stronger, the characteristic timescale for RISS of Extragalactic Radio Sources 7 variability will also increase. The variability timescale scales with frequency as: At 1 GHz this varies from months to a year depending on whether the sources of interest are towards the Galactic pole or plane respectively. Since these timescales are comparable to or shorter than the typical observing campaigns for radio variability, the detection of this variability is not affected. However at 100 MHz the variability timescales of decades or longer, depending on the pointing direction. Thus a low-frequency survey for radio variability with a maximum timescale of 1 − 5 years will show a reduced modulation index. The modulation index observed when sampling at a cadence of less than the variability time scale varies as:
(19) Thus at 100 MHz the combined effect is to see a weak but negative correlation between the variable source density and absolute Galactic latitude, which is demonstrated in Figure 6 .
Summary
The arguments outlined in the previous section suggest that we should expect that at 1 GHz there is a positive correlation between the sky density of variable sources and absolute Galactic latitude, whilst at 100 MHz the correlation reverses due to the timescale of variability being longer than the duration of a typical survey. Figure 6 shows the combined effect of frequency, Galactic latitude, source size, and observing timescale on the observed modulation index for compact sources. The expectations of the previous sections can be seen in this Figure. Additionally the overall level of variability at 100 MHz is at least an order of magnitude less than that at 1 GHz. Figure 6 . The expected dependence of modulation index on galactic latitude at 1 GHz (green, upper) and 100/185 MHz (blue/orange, lower). The shaded regions represent the 1σ range of modulation index in each |b| bin. At 1 GHz the modulation index increases toward the Galactic plane, consistent with observations. However, at 100 MHz the modulation index decreases toward the plane, and is an order of magnitude lower than at 1 GHz.
If we assume that all radio sources contain some compact core and some extended region of emission then we would expect that sources with a larger modulation index would be more likely to be detected as variable, and thus there should be a correlation between the degree of variability and the magnitude of variability. Therefore we predict that the correlations seen in Figure 6 should also apply to the areal density of variable sources, with a number of caveats that will be discussed in the next section.
Limitations
The model presented in the previous sections is quite detailed, but sadly far from complete. If the end goal is to compute the expected variability seen in a given survey then there are additional factors that need to be taken into account. We divide the various factors into three broad categories: assumptions of the theoretical model, limitations of the input data, and limited knowledge of the source population.
Theoretical assumptions
In our theoretical modeling we made some assumptions which are commonly accepted though difficult to verify. The fractional variation of n e inside clouds (ε) and the 8 Hancock et al.
outer scale of turbulence ( 0 ) are critical for converting the observed H α intensity into a scattering measure, and yet neither can be measured directly. Indeed these parameters may change with respect to location within the Galaxy but this is not accounted for. Additionally, our model contains two descriptions of the electron content of the Galaxy, and they are inconsistent. The H α map of Figure 1 which is used to derive the SM, implies considerable spatial variation in the electron density, whereas we model the distance to the scattering screen assuming that the Galaxy is cylinder of electrons with uniform density. Measuring the distance to the scattering screen along multiple lines of sight through the Galaxy is currently prohibitively expensive. Bower et al. (2013) were able to identify a scattering screen distance of 5.8 kpc along a line of sight towards the pulsar SGR J1745 − 29, ≈ 3 from the Galactic Center, by observing the scatter broadening of the pulsar using VLBI.
The 3D structure of the Galaxy, and the electron clouds within, can be probed by pulsar and FRB observations, and leads to empirical models such as Cordes & Lazio (2002) and Yao et al. (2017) . Future work for this project is to use the electron distribution models present with these empirical models to produce a new distance model for the scattering screens. The limitations of such work will be the density of pulsar and FRB observations which are ever increasing, but still much lower than the spatial resolution of the H α maps.
An alternative approach would be to reformulate the relations in Section 2 to avoid the explicit use of the screen distance, as has been done for Eq 13. This could be accomplished by using the so-called Bhat relation (Bhat et al. 2004 ) to relate the dispersion measure (DM) to the scattering delay (τ d ). The DM models of Cordes & Lazio (2002) and Yao et al. (2017) rely on the same models of Galactic structure, however since the models are calibrated against observed DM, the DM predictions should be more accurate than the (derived) model of the line-of-sight electron distribution. An approach which avoids the explicit use of distance could therefore be more accurate, however it will still be limited by the relatively low surface density of pulsar and FRB observations. As telescopes such as the Canadian Hydrogen Intensity Mapping Experiment ( CHIME, Collaboration et al. 2018) and ASKAP find an increasing number of FRBs (CHIME/FRB Collaboration et al. 2019; Shannon et al. 2018 ) models of DM and τ d will become more precise, making this approach much more attractive.
Observational data
The maps of Finkbeiner (2003) are particularly useful for our work in that they provide H α emission over the entire sky. However these maps are limited by the input survey data. In particular, the uncertainty associated with the measurements can be 100% or greater, particularly in regions of low surface brightness as shown in Figure 7 . Since these uncertainties are propagated through our model, this limitation is apparent to the end user. Additionally the process of removing the stellar contribution from the input data creates gaps in the data, which are recovered using a smoothing process. This smoothing process limits the native resolution to 6 arcmin. The smoothing of the data and the low spatial resolution means that the small scale peaks and troughs which contribute to RISS are missed. The end result is that our model will under-predict the modulation index and over-predict the timescale of variability where small scale structures are present.
Observations of the global H α emission from a single instrument such as WHAM, would provide a more sensitive and homogeneous input data, though would not improve the spatial resolution.
Source structure
Radio sources are not all AGN cores, and the fraction of radio emission that is compact vs diffuse varies by source. A compact source embedded within a diffuse region of emission with a fraction f of the flux density from the compact component, will have an observed modulation index that is reduced by a factor of 1 − f , but the timescale of variability would be unaffected. Since our model predicts on the behaviour of the compact component it is therefore an upper limit on the true modulation index.
Other sources of extrinsic variability
The model presented here considers only interstellar scintillation, however at low frequencies ionospheric (Loi et al. 2015) and interplanetary (Morgan et al. 2018) teristic timescales and spatial scales. Ionospheric scintillation has a larger θ scatt but shorter timescale than RISS, so that larger sources can exhibit scintillation. The timescale of variability for ionospheric (∼ 10 sec) and interplanetary (∼ 1 sec) at 100 MHz are different enough from the interstellar scintillation that they can be easily separated. However, minute-long observations spaced by weeks/months/years will still retain some residual of the variability at shorter timescales. Observations which average over 60 sec of data will average over ∼ 60 realizations of interplanetary scintillation, and thus reduce the modulation index by a factor of √ 60. The observed modulation index will be the quadrature sum of all the various contributions, and thus our model will again under-predict the degree of variability that is observed. In practice it is possible to form a power spectrum of the brightness fluctuations of a source, and the contribution from the various scattering regimes can be separated based on their differing intrinsic timescales.
Ionospheric and interplanetary scintillation are both in the weak scattering regime even at 100 MHz. Using the MWA Morgan et al. (2018) observe ∼ 10% variability associated with interplanetary scintillation, whilst Loi et al. (2015) see ∼ 1% variability associated with ionospheric scintillation. The typical snap-shot imaging time for the MWA is 2 min, which means that surveys for variable and transient events such as the MWA Transints Survey (MWATS, Bell et al. 2018) , should expect to see an additional 0.5 − 1% variability on top of what is predicted for RISS.
6 Implications for future low-frequency radio surveys
The low degree (∼ 1%) and long timescale (years−decades) of RISS predicted at low radio frequencies has a few interesting implications. At low frequencies the line-of-sight electron density can be easily probed with short coherent bursts by measuring a dispersion measure and dispersion delay. The distribution of electrons, and turbulence within the ISM will be much more difficult to probe at low frequencies due to the small number of sources which will show significant variability. Surveys for short to intermediate (<year) timescale variability should therefore enjoy a very low background contamination from RISS, and be dominated by intrinsic variability. This adds additional support for SKA Low surveys which will focus on rapid follow-up and identification of transient events (eg. Fender et al. 2015) . The differing time-scales of RISS, DISS, IPS, and ionospheric scintillation, mean that low-frequency instruments are preferred for studying the structure of the ionospheric and interplanetary medium. This has recently been demonstrated in the work of Morgan et al. (2018) .
Low -requency instruments with large fields of view can more confidently rely on so called 'in-field' calibration, as the extra-galactic radio sky will be more stable than at higher frequencies. Such calibration schemes have been used in surveys with the MWA (HurleyWalker et al. 2017; Bell et al. 2011) , and consist of using calibrator models which contain hundreds of sources, as opposed to the usual 1-2 bright components used when calibrating instruments with smaller fields-of-view.
HGL survey
The fact that some of these effects are under-estimates whilst others are upper limits makes it hard to give quantitative predictions. We will therefore make a qualitative comparison between the model predictions and a low-frequency survey designed to detect RISS.
Not withstanding the limitations mentioned previously, we will compare the expectations of our model with observations from the MWA.
Observations
Observations were taken with the MWA Phase-I layout Tingay et al. (2013) , under observing program G0003 (PI Hancock). A total of 9 fields were observed as part of this project, however in this work we report only on the 185 MHz observations which were observed as fields 5-8, as described in Table 1 . A total of 33 epochs of observations were scheduled approximately every week between 2013-08-20 to 2013-12-10 and 2014-08-06 to 2014-12-14 , which is when these fields were visible during night time observations. Of these 33 epochs we were able to obtain calibration solutions and good images for 25. At the time of observations the MWA primary beam model was not well known. Each field was scheduled such that it would be observed with the same azimuth and elevation every epoch. The observations were "LSTmatched". The observation details of the 25 calibrated and imaged epochs are shown in 
Calibration and Imaging
Calibration and imaging were performed on the NCI Raijin supercomputer using an early version of the GLEAM processing pipeline (Hurley-Walker et al. 2017) . The processing proceeds as follows:
• Download data from the MWA archive;
• Convert the gpubox files into a measurement set using Cotter (Offringa et al. 2015 ); • Use Calibrate (Offringa et al. 2016) to calibrate using a model of Pictor A; • Apply the calibration solutions to the four target observations; • Use WSClean (Offringa et al. 2014 ) to create xx, yy polarization images of the target observations; and • Apply an analytic primary beam model to the xx, yy images and combine to form a stokes I image.
The images processed in this way use the MWA 'analytic' primary beam model which is now known to be inaccurate. Since each epoch was observed with the same LST the approximate primary beam model ensures that the relative flux scales are preserved within a field but not between fields. Using an inaccurate primary beam model with LST matched observations means that the absolute flux scale may be wrong in the outskirts of the images. However, the relative flux scale is consistent between images and thus no false variable or transients are introduced as a result. The inaccurate beam model does mean that joining observations from adjacent fields to create mosaicked images is not feasible.
Analysis
We use Robbie computes a mean, standard deviation, and χ 2 , for each light curve. Additionally Robbie computes the modulation index (m), de-biased modulation index (m d ), and a probability of seeing the given light curve given a model of no variability (p val).
As is typically done, we classify sources as variable if they have m d > 0.05 and p val< 0.001. A total of 58 variable sources are found within the four survey regions. Of these 58 sources, 45 have a match within 1 arcmin in the simbad astronomical database (Wenger et al. 2000) . These 45 sources are classified as radio galaxies, AGN, or quasars, which are all consistent with the types of sources expected to show RISS. For each of the sources within the survey region we use the RISS19 model to predict the modulation index at the location of the source. We then compare the predicted variability to the measured variability for all sources identified as being variable. Since the predicted variability is more likely to over-estimate the variability 8 github.com/PaulHancock/Aegean than under-estimate it, we could expect that these predictions act like an envelope function for the measured variability. The results are shown in Figure 8 , where the vertical lines around the measured data points represent the difference between the modulation index (m) and the de-biased modulation index (m d ), which is a measure of the uncertainty in m d due to noise. The predicted variability shows the expected trend of decreasing variability with increasing H α , which is somewhat followed by the measured variability. This qualitative agreement between our survey data and model are encouraging and give confidence that with improvements to the model a more accurate prediction could be made. The fact that the observed variability is larger than the prediction for the highest values of H α could be an indication that there are small scale enhancements in the electron density in these regions, which are not being captured by our model due to the 6 arcmin resolution of the input data.
Some of the limitations of the model, such as the spatial resolution of the input data, mean that a source by source prediction is likely to be beyond our reach. However, predicting the expected degree of variability within a survey area could be done, if the fraction of compact vs extended sources can be modeled or measured.
Summary and concluding remarks
We have described a theoretical and empirical approach to predicting the influence of refractive interstellar scintillation (RISS) on our view of the extra-galactic radio sky. The degree and timescale of variability for a point source is correlated with H α intensity, and thus weakly correlated with absolute Galactic latitude. When considering the effects of source size relative to the scattering disk, we show that the correlation between degree of variability and absolute Galactic latitude is inverted at 100 MHz compared to that previously seen at 1 GHz. We have implemented our model in a simple Python script which can be used in a way similar to the YMW (Yao et al. 2017) Our model has been compared to a survey for variability with the MWA yielding a good qualitative agreement. Ongoing work (Charlton et al. in prep) will incorporate models of source size and structure, remove the need to model the distance to the scattering screen, and allow for a more quantitative comparison with existing radio surveys.
